In 2001, we reported that mortality may have been higher with isotretinoin (30 mg/d for 3 years) than with placebo in the subgroup of current smokers among the 1,166 patients with definitively resected earlystage non-small cell lung cancer who participated in the randomized, controlled Lung Intergroup Trial. We report the overall and cause (cancer, cardiovascular disease, or other)-specific mortality associated with long-term isotretinoin after an extended median follow-up of 6.2 years that included the capture of cause-of-death data from 428 deceased patients. Overall mortality was 36.7% in each of the two trial arms, about two thirds related to cancer and one third to other or unknown causes. Overall and cancer deaths increased in current smokers in the isotretinoin arm during the treatment and the extended followup period. No mortality end point increased among never smokers and former smokers taking isotretinoin, and cancer deaths decreased marginally in this combined subgroup. Isotretinoin also increased deaths from cardiovascular disease in current smokers. The present analysis supports the safety of protracted isotretinoin use in the combined group of never smokers and former smokers, which has important public health implications, for example, for treating acne in young people. The increased mortality in current smokers in this study is further evidence of the multifaceted danger of active smoking. The overall indications of this study have public health implications for treating acne in young people and other uses of retinoids in smokers. Cancer Prev Res; 3(6); 738-44. ©2010 AACR.
Introduction
Despite intensive therapeutic and smoking cessation efforts, death from lung cancer is higher than from any other cancer in the United States (1) . Isotretinoin, also called Accutane or 13-cis-retinoic acid, belongs to the retinoid class comprising vitamin A and its natural and synthetic analogues. Based on strong clinical and laboratory data supporting the potential of isotretinoin to reduce the risk of smoking-related cancers (2) (3) (4) (5) , the multicenter Lung Intergroup Trial (LIT) of isotretinoin in patients with definitively resected stage I non-small cell lung cancer was launched in 1992. LIT primary results were reported in April of 2001 (6) .
LIT involved 1,166 patients randomized to either isotretinoin (30 mg/d) or placebo for 3 years and followed for up to 4 additional years before the study was closed in February 2000. Although isotretinoin did not influence second primary tumors (SPT), recurrence, or mortality in the overall analysis, subgroup analyses involving treatment-bysmoking interactions suggested a treatment-associated benefit in never smokers (reduced recurrence and mortality versus placebo) and harm in current smokers (increased recurrence and mortality versus placebo). The increased number of deaths in current smokers on isotretinoin was difficult to interpret because of limited follow-up and cause-of-death information. LIT results are consistent with the overall finding of increased lung cancer incidence with retinoids and other agents in subjects who continue to smoke (7) (8) (9) (10) .
The LIT treatment-by-smoking interaction, especially the significantly increased mortality in current smokers on isotretinoin (versus in current smokers on placebo), raised concerns for the safety of isotretinoin in smokers. Therefore, we conducted the present extended analysis of the causes of death in LIT patients, which has important safety implications for the long-term use of isotretinoin in other settings.
Materials and Methods
The protocol amendment for the extended follow-up of LIT was reviewed and approved by the M. D. Anderson Institutional Review Board and each participating institution, and written informed consent was signed by patients who were still alive at the time of this follow-up.
The analyzed study population included 1,166 eligible patients, who were properly randomized between February 1993 and June 1997 to receive placebo (n = 577) or isotretinoin (n = 589; ref. 6) . In the present follow-up study, cause-of-death data on case report forms for all randomized patients who had died during or following the trial were submitted to the M. D. Anderson Cancer Center. In addition, 150 charts were reviewed during 21 visits to sites reporting five or more deaths. The case report forms did not include treatment group assignments, and the sitevisit chart reviews were conducted in a blinded fashion to eliminate potential bias based on treatment group assignment from the cause-of-death determinations. Data collected during the original LIT analyses were updated and augmented by variables including the last follow-up date for patients who are still alive and death date for deceased patients. We reviewed death documents, including the autopsy report, hospital summary report, treating physician report, and death certificate, for each deceased patient. We carefully assessed the cancer status at death and cause of death, and we collected and examined detailed prior histories of cardiovascular events and chronic obstructive pulmonary disease/emphysema during the extended follow-up. Cardiovascular disease (CVD) deaths included death from ischemic heart disease (e.g., myocardial infarction, angina pectoris, and heart failure) and stroke.
We plotted Kaplan-Meier curves and cumulative incidence curves to summarize the time-to-event data. Analysis of the treatment effect on cause-specific death used competing risk models, including the cause-specific hazard rate (under the Cox proportional hazards model) and cumulative incidence rate (applying the K-sample test; refs. [11] [12] [13] . The main distinction between the two approaches for analyzing treatment effect involves other competing risks, which were excluded from the causespecific hazard rate analysis and were included in the cumulative incidence rate method. We constructed hazard ratio estimates to estimate the treatment effect over time (14) and applied Gail and Simon's likelihood ratio test to test the qualitative interactions between treatment and smoking status (15) .
Results
The study population had an average age of 64 years and median age of 65 years. Fifty-seven percent were male and 92% were white. There were three stratification factors-tumor histology, tumor stage, and smoking status at registration. The overall distributions within these factors were as follows: 32% squamous versus 68% nonsquamous tumors; 54% T 1 versus 46% T 2 lesions; and 8% never smokers versus 53% former smokers (quit ≥1 year) versus 39% current smokers (quit <1 year or actively smoking). The two treatment arms were well balanced with respect to both demographic characteristics and the stratification factors. A total of 428 deceased and 738 living patients were included in the present study. The median follow-up of living patients was 6.2 years, compared with 3.5 years in the previously reported analysis (6) . This median follow-up period is more than twice as long as the period of treatment (3 years) stipulated in the original LIT protocol. The updated Kaplan-Meier plots for the SPT-free survival, recurrence-free survival, and overall survival in the isotretinoin and placebo groups by smoking status can be found in Supplementary Fig. S1 . Table 1 lists the overall and cause-specific mortality rates in both trial arms. Overall mortality rates and cancer mortality rates were nearly equivalent between the two arms. Cancer accounted for about 69%, CVD for 11%, and pulmonary disease for 8% of overall mortality. Of a total 295 cancer deaths, all but 1.7% (3 from pancreatic cancer, 1 from bladder cancer, and 1 from lymphoma) were attributable to lung cancer. Table 2 provides the analyses of cause-specific death by smoking status in the isotretinoin versus placebo arm and in the overall patient population. There was no significant treatment effect on any specific cause of death by either test (Cox proportional hazards model in the setting of cause-specific competing risk and the K-sample test) used in this analysis ( Figure 1 shows the cumulative incidence curves (based on competing risk models) of deaths from cancer, CVD, and other causes for all patients and subgroups of patients defined by smoking status. These curves for males and females are shown in Supplementary Fig. S2A and B, respectively. There was no apparent treatment effect on cancer, CVD, and other deaths in all patients (panel A). The plot for never smokers suggests a protective effect of treatment (versus placebo) against cancer death (panel B), although the cumulative incidence of cancer death was not statistically significantly different (P = 0.18, K-sample test). Former smokers on treatment and placebo had substantially overlapping mortality risk curves, indicating no significant differences in cancer mortality (panel C). Current smokers on treatment (versus placebo) had a trend toward increased cancer death (P = 0.10, K-sample test; panel D). Noncancer death had lower cumulative incidences than cancer death but, similar to cancer death, was reduced in never smokers or former smokers and was increased in current smokers of the treatment arm (versus placebo).
The previously reported LIT analyses indicated some significant interactions between treatment and patient smoking status. The magnitudes of these interactions were reduced (with tighter CIs) but remained statistically significant in the present analysis, in which the mortality HR of the interaction between treatment and current smoking (versus never smoking) was 2.89 (95% CI, 1.14−7.29; P = 0.025; Table 3 ). The interaction between treatment and former smoking (versus never smoking) was 1.81 (95% CI, 0.72−4.53; P = 0.21; Table 3 ). Previously reported associations in LIT between stage or histology and mortality, however, persisted at similar magnitudes in the follow-up analyses. Multicovariate Cox regression analysis (Table 3) showed that higher mortality was significantly associated with stage T 2 (versus T 1 ; HR, 1.35; 95% CI, 1.11−1.63; P = 0.002) and with squamous histology (versus nonsquamous; HR, 1.39; 95% CI, 1.14−1.69; P = 0.001). Table 4 further characterizes the quantitative and qualitative interaction by presenting the treatment effect on mortality across never, former, and current smokers by the Cox model and Gail and Simon's interaction tests after adjustment for stage and histology. Overall survival was significantly worse in current smokers on treatment (versus on placebo; HR, 1.36; 95% CI, 1.02-1.82; P = 0.035). The protective effect of isotretinoin in never smokers was marginally significant (HR, 0.46; 95% CI, 0.19-1.12; P = 0.086). The test of quantitative interaction showed that isotretinoin had different effects in the three smoking groups (P = 0.013). Furthermore, the Gail and Simon's likelihood ratio tests showed a significant qualitative interaction in overall survival; that is, treatment moved overall survival in opposite directions in different subgroups (P < 0.05).
We also estimated the HRs of treatment (versus placebo) for cancer death and CVD death at different times, allowing us to compare effects during treatment with those after stopping treatment [ Fig. 2 ; methods of analyses (14) are in the figure caption]. Figure 2 reflects analyses in all patients stratified into two groups-never smokers plus former smokers and current smokers. Isotretinoin had a Fig. S3A and B) .
Discussion
The treatment-by-smoking interactions of the original LIT analysis-harm in current smokers and benefit in never smokers-weakened in the extended analysis, which added more events collected after treatment had stopped. For example, the overall mortality HR in current smokers dropped from 4.39 in the original (6) to 2.89 in the extended analysis. This attenuation of treatment effects likely reflects the substantial posttreatment component (44%) of the median follow-up of the extended analysis. Cancer and CVD deaths increased in current smokers in the isotretinoin arm during the treatment period. No mortality end point increased among never smokers and former smokers taking isotretinoin, and cancer deaths decreased marginally in this combined subgroup during the treatment period. We found no benefit or harm in former smokers alone. The slightly negative effect of isotretinoin on SPT-free survival in never smokers likely is an artifact of a very small subgroup analysis; if real, however, this finding could reflect molecular distinctions between recurrent and second primary lung cancer (or certain aspects of retinoid biology, as discussed below). The pattern of recurrence-free survival in relation to the smoking status of isotretinoin patients-longer survival with less smoking exposure-also involves small subgroups and nonsignificant findings; however, this pattern is supported by the treatment-by-smoking interactions of the original and follow-up analyses.
Our long-term LIT findings complement long-term follow-up results of two other major lung cancer prevention trials, the Alpha-Tocopherol, Beta-Carotene (ATBC) trial (16) and Beta-Carotene and Retinol Efficacy Trial (CARET; ref. 17) , both of which found initial harmful smoking-treatment interactions that dissipated or weakened in long-term follow-up after treatment had stopped. The ATBC trial was conducted in 29,133 male smokers, whereas CARET was conducted in 18,314 men and women smokers and/or asbestos-exposed workers. The three trials differed importantly in clinical parameters (including high-risk noncancer participants in the ATBC trial and CARET versus resected stage I non-small cell lung cancer patients in LIT), interventions, and demographics (including men and women in LIT and CARET versus only men in ATBC). Notwithstanding these and other differences, however, we offer the following comparative observations. The β-carotene-related effect of increased mortality in the all-male ATBC population of smokers was due to CVD and lung cancer during treatment and primarily to CVD during posttreatment follow-up (α-tocopherol was not associated with increased mortality). All-cause, lung cancer, and CVD mortality in CARET increased during treatment, remaining significant for lung cancer in posttreatment follow-up. CARET also detected gender differences in treatmentrelated mortality. A significant increase in CVD mortality during treatment persisted strongly afterward in women but not in men (especially in the first 3 years posttreatment), and all-cause, lung cancer, or CVD mortality increased far more in women than in men. The LIT and ATBC trials do not necessarily reflect these unexpected gender differences in CARET mortality. A relatively small number of CVD deaths makes them difficult to interpret in LIT.
The beneficial trends of isotretinoin in never smokers are consistent with major biological differences in lung cancer development between smokers and never smokers, which have been detected at histopathologic and molecular levels (18) . Most lung cancers in never smokers are adenocarcinomas, whereas squamous cell carcinomas and small-cell carcinomas are associated more strongly with smoking than with never smoking (19) . Lung adenocarcinomas in never smokers are characterized by significantly higher frequencies of EGFR and HER2 tyrosine kinase domain mutations, and in smokers by ALK-EML4 fusion gene abnormalities (20) and expression of the estrogen receptor (21) . Lung adenocarcinomas in smokers also have a significantly higher frequency of KRAS mutations (compared with adenocarcinomas in never smokers), and of note, the KRAS mutation profile also differs between these cancers in smokers (mostly G-to-T or G-to-C transversions) and never smokers (G-to-A transition; ref. 22) . Also, TP53 is frequently mutated in lung cancer (19) , and the differing pattern of TP53 point mutations in smokers (G-to-T transversions and A-to-G transitions) and never smokers (G-to-A transitions) with lung cancer is similar to that of KRAS.
Since the original 2001 report of LIT (6), some progress has been made in the field of retinoid research that may have implications for the interpretation of this trial. For example, we now can better explain the failure of isotretinoin to prevent SPTs. The majority of non-small cell lung cancer patients may develop a resistance to isotretinoin due to aberrant retinoid receptor expression (23) resulting from the suppression of retinoic acid receptor β2 expression in smokers by tobacco carcinogens (24) or nicotine (25) , which silence the gene promoter by methylating CpG islands (26, 27) . Also, isotretinoin could protect lung epithelial cells from apoptosis induced by chronic exposure to the high oxygen tension and free radicals associated with cigarette smoking, thus increasing the pool of progenitor cells with DNA damage that can eventually develop into SPTs (27, 28) .
The possibility that isotretinoin increased SPT incidence relative to placebo in never smokers is less biologically plausible and more difficult to interpret (than the neutral effects of isotretinoin on SPTs in current smokers). One potential mechanism of such an effect, however, is that isotretinoin can increase levels of the serum marker of DNA oxidative damage 8-hydroxy-2-deoxyguanosine (8-OHdG) and decrease total antioxidant status, as was observed by Georgala et al. in cystic acne patients treated with systemic isotretinoin at 0.5 mg/kg per day (29) . The authors suggested that serum levels of 8-OHdG in patients taking isotretinoin may increase from a direct effect of isotretinoin on liver, muscle, and epidermal cells. If isotretinoin caused similar DNA damage resulting in increased 8-OHdG in the lung epithelial cells of nonsmoking LIT patients, this could have led to increased malignant transformation and SPT development. This hypothesis is supported by data indicating that 8-OHdG and other products of oxidative DNA damage and repair are associated with a susceptibility to lung cancer (30) . Again, these mechanistic speculations are more academic than Fig. 2 . A to D, HRs of isotretinoin (versus placebo) over time for cancer death and CVD death stratified by never smokers plus former smokers or current smokers. Results are shown for all patients. The hazard rates were estimated by the nonparametric Nelson and Aalen method and triquadratic kernel smoother with boundary corrections at different time points (14) . HRs were plotted on the logarithmic scale to provide a symmetrical comparison of the potential protective effect (HR <1) or harmful effect (HR >1). Pointwise 95% confidence intervals (dashed lines) were calculated using the bootstrap method for each smoothed HR curve.
practical because we believe the finding of increased SPTs in never smokers taking isotretinoin very likely was an artifact of a very small subgroup analysis.
Note that isotretinoin as a potential chemopreventive agent is an off-label use. The present analyses indicate that isotretinoin administered over a protracted period of time potentially was harmful in current smokers, although the overall mortality HR lessened in this extended follow-up, and safe in the combined group of never smokers and former smokers. Despite clinical, biological, and dosing differences between our lung cancer population and other retinoid users such as young people taking isotretinoin for severe cystic or nodular acne, our present findings may have public health implications for the use of retinoids.
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